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have functions equivalent to
Drosophila Fu and Cos2, although
zebrafish provide an interesting
contrast to mammals in this regard.
Zhao et al. [2] now report that
mammalian Smo (mSmo), tagged
analogously to Drosophila Smo,
exhibits increased C-FRET and
decreased L3C-FRET in response to
Sonic Hedgehog (Shh). Remarkably,
similar changes in FRET were also
promoted in the absence of Shh by
alteringmultiple Arg/Lys clusters within
the carboxy-terminal domain of Smo to
alanine residues, suggesting that at
least some aspects of the electrostatic
switch governing Smo conformation
are conserved. Those basic residues
are distributed roughly as in the
arginine-rich region of Drosophila Smo
but they are not immediately adjacent
to multiple known or potential
phosphorylation sites. Perhaps the
interactions of the basic residues of
mSmo that stabilize the inactive state
can be modified by phosphorylation at
more remote sites, or perhaps only
an initial conformational switch is
conserved in all Smo molecules and
different mechanisms of subsequent
positive feedback are utilized in
different organisms.
How does Hh elicit dose-dependent
responses? Zhao et al. [2] propose that
the use of multiple phosphorylation
sites to counter the influence of
multiple Arginine residues in
determining Smo conformation
provides a means for Hh dose to be
translated into different degrees of
Smo activation. The morphogenetic
properties of Hh proteins are most
clearly evident in the vertebrate neural
tube but can also be seen in Drosophila
wing imaginal discs [1]. It would
certainly be interesting to see if the
proportion of Smo molecules in active
conformation is indeed graded along
the entire Hh signaling domain. In the
wing imaginal disc it is already known
that Smo stabilization is clearly evident
only in regions responding to the
highest levels of Hh. However, very little
is known about how Smo stability is
regulated and the eventual answer may
be complex. Thus, Smo stability
may be fully integrated into the
cycle of altered Smo conformation,
phosphorylation and localization
discussed earlier, but independent
inputs and changes in Smo properties
might also influence Smo stability. We
should, therefore, expect that the
product of total Smo concentration and
the proportion of Smo molecules in
active (high C-FRET) conformation,
rather than the C-FRET profile alone,
constitutes the cell’s initial reflection of
Hh dose. This must subsequently be
transformed into appropriate activity of
the transcriptional regulator, Ci. For Ci,
like Smo, there is also clear evidence
that Hh modulates both protein levels
and specific activity [1]. Here also, the
relative contribution of these two facets
to Hh morphogenetic action has not
been strictly evaluated but there are
hints of a broad, occasionally inverse,
symmetry in the regulation of Smo and
Ci. For Ci, modulation of specific
activity by Fu and Su(fu) appears to be
the dominant factor at the highest
Hh levels, whereas inhibition of
proteolysis, due to decreased
Cos2-dependent phosphorylation at
clustered PKA, CK1 and GSK3 sites,
provides a more sensitive response to
Hh that may be less sharply graded
throughout the Hh signaling
domain [11].
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Previous analyses of the Giardia genome exposed numerous genes required
for meiosis, suggesting that sexual reproduction is occurring in this early-
diverging eukaryote. A new study now uncovers direct genetic evidence for
recombination in Giardia populations.John M. Logsdon, Jr.
For more than two decades, the
intestinal parasiteGiardia (Figure 1) has
served as the ‘poster cell’ for earlyeukaryotic evolution. The apparent
absence of mitochondria in Giardia, as
well as additional missing or seemingly
primitive versions of common
eukaryotic features, led Cavalier-Smith[1] to include these diplomonad
protists as one of the founding
members of the Archezoa: eukaryotes
that diverged prior to the
endosymbiotic origin of mitochondria.
Initial molecular phylogenies nicely
supported the presumed ancient
divergences of Archezoa [2], but the
club was short-lived. New phylogenies,
along with the discovery of
mitochondrial genes and the organelles
themselves, have together conspired
to seriously undermine the case for
Archezoa [3,4]. And although some
former Archezoa are now known to be
Dispatch
R67more recently derived lineages,Giardia
remains as a tenable representative
of an early (perhaps the earliest)
eukaryotic lineage [5]. If true, Giardia
may still provide clues to
understanding the origin and early
evolution of the eukaryotic cell from its
prokaryotic ancestors. Even if Giardia
does not occupy the deepest branch
on the eukaryotic tree of life, it certainly
represents a major lineage of
eukaryotic cells with an evolutionary
history distinct from other more
familiar eukaryotes [6]. In either case,
Giardia naturally invites comparisons
to ask ‘‘what does it mean to be
a eukaryote?’’
One of the major innovations in
eukaryotes was the origin of sexual
reproduction via meiosis with its
substantial consequences for effecting
genome-wide recombination [7]. Sex
appears to be ubiquitous among
eukaryotes; however, little is known
about sex and meiosis outside of
animals, plants and fungi. Some
protists are known to have sex, but for
many — including Giardia— simply no
evidence for sexual reproduction
exists. For some of these putative
asexuals a reasonable presumption is
that they have lost the ability for sex,
having previously been capable of it.
In the case of Giardia, however, the
combination of apparent asexuality
with early eukaryotic divergence
prompts further consideration. If the
Giardia lineage diverged before
meiosis and sex were ‘invented’ in
eukaryotes, then these organisms
might represent missing links in
eukaryotic evolution.
Extensive earlier work on Giardia,
including both detailed observation
and population genetics, failed to
reveal any direct evidence for sexual
reproduction [8]. But the question of
whether Giardia is potentially capable
of sexual reproduction was recently
addressed by Ramesh et al. [9], who
surveyed the Giardia genome
sequence for a common set of genes
required for meiosis (and thus, sex) in
many eukaryotes. This meiotic gene
inventory showed that clear homologs
of genes specifically required for
meiosis in model eukaryotic species
are widely distributed among diverse
eukaryotes. Indeed,most of themeiotic
genes examined — including five
thought to function only in meiosis —
are clearly present in Giardia. These
data supported two conclusions: first,
that the Giardia lineage did not divergeprior to the origin of meiosis, and sex;
and second, that Giardia is (or was
until very recently) actually capable of
meiosis and sexual reproduction.
But finding the meiotic genes does
not go all the way to demonstrate that
Giardia actually has (or recently had)
a hidden sex life. Some commenters
[5,10,11] remained cautious: direct
evidence for sex and/or recombination
was still lacking. In a recent issue of
Current Biology Cooper et al. [12]
report compelling data from population
genetics that Giardia is, in fact,
‘doing it’. Together with the previous
finding of meiotic genes [9], this new
study helps to close the loop on the
existence of sexual reproduction in
Giardia.
A major problem that earlier
population studies of Giardia faced in
detecting recombination came from
the fact that this organism exists as
major clonal lineages, each distinct
from each other, but apparently
homogeneous within [8,13]. Human
isolates derive from only two of these
major lineages, comprising clonal
genotypes A and B (with the A1 and A2
(sub)genotypes being very close, but
distinct). Even if recombination was
occurring within each clonal genotype,
it would be very difficult to detect since
different isolates of each genotype
differ by only 1–2% (A1 versus A2). The
A1 genotype — source of the WB
isolate, whose genome sequence was
recently completed [5] — is highly
homogeneous among isolates.
Furthermore, the amount of genetic
variation among the homologous
chromosomes within one individual is
exceedingly low; heterozygosity in
the genome sequence was estimated
at <0.01% [5]. Previous investigations
suffered from the primary use of
enzyme electrophoretic variants
and the inherent limitations of
detecting enough variation by this
method [14]. But even recent studies
that analyzed DNA sequence
‘‘indicate exceedingly low levels of
variation’’ among human isolates of
Giardia [11].
In a clever strategy to detect
recombination in Giardia that must be
sufficiently rare to have eluded
previous detection, Cooper et al. [12]
exploited the lineage-specific
distinctness of Giardia genotypes
A and B to look for recombinants
between them. The key was to look for
human host populations in which
Giardia infections are both highlyendemic and that also include both
major distinct genotypes. In the study
population — a village near Lima,
Peru — Giardia genotypes A2 and B
are both present. From each of five
A2 isolates obtained from four
households, the authors
PCR-amplified and sequenced three
different chromosomal regions of 1.2,
6.0 and 9.5 kb, looking for single
nucleotide polymorphisms (SNPs)
compared to a reference sequence
from a strain of the A2 genotype
obtained from a previous study.
The sequences from these isolates
revealed considerable variation and
showed clear evidence of
recombination. The DNA sequence
variation present on the three
chromosomal regions showed
distinctly different evolutionary
histories, a result inconsistent with
strictly clonal reproduction, but
potentially explicable by means other
than sex. For two of the three
chromosomal regions, however,
Cooper et al. [12] discovered stretches
of novel SNP variants (presumably
deriving froma co-infecting B genotype
from which SNP data were not
obtained). Importantly, the novel (non-
A2) SNP regions are embedded within
or adjacent to stretches of sequence
identical (or nearly so) to the A2
reference genotype. Such recombinant
genotypes could only arise from
exchange between A2 genotypes and
another genotypically distinct parent
(likely B) and not from mitotic
recombination within a single clonal
Figure 1. Giardia.
Fluorescence micrograph of aGiardia tropho-
zoite stained with antibodies against tubulin
(green), highlighting its eight flagella, and
with DAPI (blue) to visualize the DNA in the
two nuclei (Marianne Poxleitner, University of
California, Berkeley).
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cross-over mediated recombinational
exchange are a hallmark of meiotic sex.
Indeed, a number of different meiotic
recombination events can be readily
ascertained by direct inspection of the
SNP variation. So not only are Giardia
apparently experiencing meiotic
recombination, but when they are
assessed in the right conditions, they
may be doing it frequently enough to
detect multiple, separate events of
genetic exchange.
The presence of meiotic genes [9]
and the new evidence of recombination
from population genetics [12] together
hold the first keys to unlocking
Giardia’s sexual secrets. How often
and under what conditions does
Giardia have sex? Such questions are
important beyond academic interest,
because the answers also have strong
implications for disease epidemiology
and treatment [15]. To finally unlock sex
inGiardia, we need to catch them in the
act. Investigations of genetic exchange
inGiardia at the cellular level need to be
done [16] — experiments that would
have been considered pointless under
the previous assumption of asexuality.
With a completed genome in hand in
which multiple meiotic genes are
already identified, and molecular cellMolecular Motors:
in Myosin VI Trans
A recent study has revealed an unexpe
myosin VI converter domain, essential
aw180 rotation to achieve a large ste
James A. Spudich
A eukaryotic cell has nearly 100 distinct
molecular motors moving along
cytoskeletal tracks, providing dynamic
organization of cellular components.
While myosins overall are the best
understood family of molecular motors,
myosin VI has represented the biggest
challenge to conventional views of
how this family of motors works. In
a seminal paper in Cell [1], Anne
Houdusse and her colleagues provide
the answer to a key mystery of this
provocative motor.
The conventional view of how
myosins function [2] is illustrated by
myosin II, the motor used for musclebiology methods being developed and
applied toGiardia [17,18], we might not
have to wait long until details of its sex
life are exposed for all to see.
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movement is further amplified by
a swinging of the light-chain-binding
region (the ‘lever arm’) through
w60–70, providing a stroke ofw10 nm
(Figure 1A).
Myosin V is a dimeric, processive
plus-end-directed motor, involved in
transport of a wide variety of cargos.
Each head domain has a long
light-chain-binding region with six IQ
motifs, primarily binding calmodulin
(Figure 1B). These longer arms allow for
this myosin to take 36 nm steps [5] with
a lever arm swing through an angle
similar to myosin II.
Myosin VI exists as both a monomer
and a dimer, its oligomerization state
being regulated in vivo [6,7]. Processive
as a dimer, it has a wide variety of
cellular roles, including vesicular
transport and a dual translocation and
anchoring role in the function of
sensory hair cells [8]. Myosin VI has
a single calmodulin-binding IQ motif.
It is most distinct from myosin II and
myosin V by the presence of a unique
